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Introduction
Stiffened shells are widely used in offshore structures, bridges, towers, etc. Rings and/or stringers can be used to strengthen the shape of cylindrical shells. Shells can be loaded by axial compression, bending, external or internal pressure or by combined load.
Design rules for the shell buckling strength have been worked out by ECCS [1] , API [2] and DNV [3] . The optimum design of stiffened shells has been treated in some of our articles [4, 5, 6] .
The optimum design of a stiffened shell belt-conveyor bridge has been treated in [7] . The buckling behaviour of stiffened cylindrical shells has been investigated by several authors, e.g. Harding [8] , Dowling and Harding [9] , Ellinas et al [10] , Frieze et al [11] , Shen et al [12] , Tian et al [13] In the calculation of shell buckling strength the initial imperfections should be taken into account. These imperfections are caused by fabrication and by shrinkage of circumferential welds.
A calculation method for the effect of welding has been worked out by the first author [14] and it is used in the calculation of the local shell buckling strength.
In the present study the design rules of Det Norske Veritas (DNV) are used for ring-stiffened cylindrical shells. The shape of rings is a simple flat plate, which is welded to the shell by double fillet welds. In the calculation of the fabrication cost the cost of forming the shell elements into the cylindrical shape and the cutting of the flat ring-stiffeners is also taken into account.
The shell is a supporting bridge for a belt-conveyor, simply supported with a given span length of L = 60 m and radius of R = 1800 mm (Figures 1,2 supports are independent of the ring stiffeners, they can be realized by using local plate elements.
The unknown variables are as follows: shell thickness t, stiffener thickness tr and number of stiffeners n.
We do not consider the case of an unstiffened shell, since to assure a stable cylindrical shape, a certain number of ring-stiffeners should be used. In the present study we consider a range of ring numbers n = 6 -30. The range of thicknesses t and tr is taken as 4 -20 mm, rounded to 1 mm. 
The design constraints
The factor of (1.5-50  ) in Eq. (6) expresses the effect of initial radial shell deformation caused by the shrinkage of circumferential welds and can be calculated as follows [14] .
The maximum radial deformation of the shell caused by the shrinkage of a circumferential weld is
where ATt is the area of specific strains near the weld. According to our results [15] 
For manually arc welded butt welds it is is first derived by Timoshenko and Gere [16] . Note that API design rules [2] give another formulae.
On the contrary, in the case of external pressure the distance between ring-stiffeners plays an important role [4, 6] . (Fig. 4.) Requirements for a ring stiffener are as follows: 
Constraint on panel ring buckling
where  is a difficulty factor expressing the complexity of the assembly and  is the number of elements to be assembled aW is taken so that the double fillet weld joint be equivalent to the stiffener thickness.
The total material cost is
The total cost is
Results of the optimum design
The optimization has been worked out using the Hillclimb technique [18] . Results can be found in Table 2 . Those results for which the place of stiffeners coincides with the circumferential welds of the shell segments are not applicable for fabrication reasons ( n = 9, 19). Figure 5 . Cost distribution for the optimum solution (t = 7, tr = 19, n = 7). Table 3 shows the value of the different cost elements and Fig. 5 gives the percentage of them.
Conclusions
The shell thickness is determined by the constraints on local shell buckling as well as on deflection.
Since the number of ring-stiffeners does not influence these constraints, in order to assure a stable circular shell shape, a certain number of rings should be used. Since the design rules do not give any prescriptions for the minimum number of ring-stiffeners, for the investigated case we have selected a ring number domain of n = 6 -30 and have performed the optimization in this domain.
The Det Norske Veritas design rules give suitable formulae for the design of rings, the dimensions of which decrease with the increase of the number of rings.
The initial radial deformation of the shell caused by the shrinkage of circumferential welds affects the local shell buckling strength significantly. Cost calculation methods are proposed for the forming of shell elements into circular shape and for the cutting of flat plate ring-stiffeners. The cost function is formulated according to the fabrication sequence.
The optimization results (Table 2) show that, due to the cutting and welding costs of stiffeners, the smaller number of stiffeners is more economic. The optimum ring number is 7, which minimizes the total mass (material cost) and the total cost. Material cost is about half of the total one and is insensitive to the variation of ring numbers. The forming cost of the shell elements (KF0) is significant. The difference between the best and worst optima indicated in Table 2 is 7 %, thus it is worth to use an optimization process in the design stage. The result is greatly dependent on local situation, parameters, but this numerical evaluation and comparison show the benefit of optimum design.
